Aims-Prior studies have shown that HAART is associated with decreased HIV viral load in the lungs. The correlation between antiretroviral exposure in bronchoalveolar lavage (BAL) fluid and virologic response was evaluated in patients starting HAART and enrolled in The AIDS Clinical Trial Group Protocol 723.
Patients & methods
The AIDS Clinical Trials Group Protocol 723 (ACTG 723) was a multicenter, prospective, longitudinal study that assessed the effect of HAART on pulmonary viral burden and immune function. Details about the study design have been previously published [5] . Briefly, HIVinfected subjects scheduled to begin HAART had blood drawn and underwent bronchoscopy with BAL before starting therapy and again at 4 and 24 weeks after HAART was initiated. A specific HAART regimen was not required. However, subjects had to be starting a regimen consisting of at least three drugs and designed to reduce plasma HIV to undetectable levels.
Bronchoscopy with BAL was performed as previously described [6] . The last dose of antiretroviral medication was administered in the evening prior to bronchoscopy (on average 12 h prior to the procedure). Lavage fluid was filtered through sterile gauze and BAL cells pelleted by centrifugation. The supernatant was saved as the acellular BAL fraction at −70°C. Plasma was prepared from peripheral blood. Measurement of plasma and acellular BAL HIV viral load and cellular HIV RNA and DNA in BAL cells was performed as previously described [5] .
The extracellular concentration of antiretroviral drugs in undiluted plasma and two-times concentrated BAL fluid was measured using high-performance liquid chromatography as previously described [7] [8] [9] . The dynamic range of the assays for all drugs was 10-2000 ng/ml. This lower limit is two-to 200-fold lower than the clinically relevant plasma trough concentrations of the antiretroviral drugs evaluated. Assays were performed for the nucleoside/ tide reverse transcriptase inhibitors (NRTIs) lamivudine (3TC), didanosine, stavudine, zidovudine, abacavir, emtricitabine and tenofovir; the non-NRTI (NNRTI) efavirenz (EFV); and the protease inhibitors (PI) ritonavir, nelfinavir, amprenavir and lopinavir. All BAL drug concentrations were adjusted for dilution by expressing the concentration per ml of epithelial lining fluid as previously described [5, 10] .
The ability to detect different drug classes in BAL was summarized and reported in proportions treating week 4 and week 24 measurements as independent. Each different drug concentration in an individual was also treated as independent data. The relationship between receiving different antiretroviral drugs and control of virus in the pulmonary compartment was assessed using Fisher's exact test. Receiver operating characteristic (ROC) curves were generated to examine the relationship between plasma concentrations of 3TC and EFV and the ability to detect the drug in BAL fluid. All reported p-values are two-sided. p-values of 0.05 or under were considered significant.
Results

Subject follow-up & characteristics
Subject follow-up and characteristics have been described elsewhere [5] . Frozen plasma and BAL fluid from all three time points were available for 24 subjects who make up the population for this report. All subjects had measurable plasma concentrations of at least one of their prescribed drugs at 4 weeks. At 24 weeks, 22 out of 24 subjects had measurable plasma concentrations of at least one of their prescribed drugs. In two individuals, none of the antiretroviral drugs prescribed were detected in plasma (after being detectable at week 4), which probably reflects nonadherence. Table 1 shows the ability to detect various antiretroviral drugs in plasma and BAL fluid at 4 and 24 weeks after beginning HAART. Plasma drug concentrations were easily quantifiable in most subjects. However, owing to the dilution of lung fluid during lavage, BAL drug concentrations were most often detectable but below the 10 ng/ml limit of quantification.
Detection of antiretroviral drugs in plasma & BAL fluid
For the NNRTI EFV, 20 out of 32 measurements (63%) contained detectable drug concentrations in BAL fluid. For NRTIs, 49 out of 112 measurements (44%) had detectable concentrations, and for PIs, 12 out of 26 measurements (46%) had detectable concentrations. In those instances where simultaneous plasma and BAL concentrations could be measured (n = 23), after correcting for BAL dilution, the concentration of antiretroviral agents in the epithelial lining fluid was similar to concentrations found in plasma. Specifically, BAL concentrations of NRTIs were 60-73% that of plasma, NNRTIs were 31% that of plasma, and PIs were 66-200% that of plasma.
Enough individuals were on 3TC and EFV to generate ROC curves to explore plasma 'thresholds', which predicted the ability to detect drug in the lung. Repeated measures over time were treated as independent observations. For 3TC, there were 43 measurements from 21 individuals and for EFV there were 32 measurements from 16 individuals. Figure 1 shows the ROC curves for plasma drug concentration and the ability to detect drugs in the lungs for 3TC and EFV. The areas under the ROC curves were 0.87 and 0.94 for 3TC and EFV, respectively (p < 0.0001 for both). The optimal plasma cut-offs suggested by the data were 178 ng/ml or less for 3TC and 2234 ng/ml or less for EFV. Therefore, a subject with a trough 3TC plasma concentration greater than 178 ng/ml would have an 87% chance of detecting 3TC in the lungs. Similarly, a subject with a trough EFV plasma concentration greater than 2234 ng/ml would have a 94% chance of detecting EFV in the lungs.
Relationship between control of pulmonary viral load & antiretroviral therapy
Based on persistence of RNA in acellular BAL fluid or BAL cells at 24 weeks or a rebound of RNA in the plasma at 24 weeks, there were seven lung 'failures' and five plasma 'failures'. Interestingly, four of the five plasma failures were also associated with lung failures. Three other patients had lung failure despite good control of plasma viremia.
The relationship between antiretroviral drug treatment and virologic failure in the lungs is shown in Table 2 . In this cohort all subjects received NRTIs. Thus, the overall lung failure rate in subjects who received NRTIs was 29% (seven out of 24). Four out of nine subjects receiving PIs had lung failure, giving a failure rate of 44%. Thus, there was no relationship between lung failure and receiving NRTIs or PIs. By contrast, 16 subjects received EFV. There were only two lung failures in this group. Eight subjects did not receive EFV. There were five lung failures in this group. Subjects who received EFV had a significantly lower chance of lung failure than subjects who did not receive EFV (13 vs 63%; p = 0.02).
The ability to detect antiretroviral drugs in BAL did not predict lung failure (Table 2 ). For each class of drug the failure rate was similar regardless of whether the drug was detectable in BAL or not. In fact, in four of seven subjects with lung failure, all drugs in the HAART regimen were detectable in BAL fluid.
Discussion
In this report we have demonstrated that antiretroviral drugs are detectable in BAL fluid of HIV-infected subjects beginning HAART. This is especially true for the NNRTI EFV. Furthermore, taking EFV is associated with a higher likelihood of clearing HIV RNA from the lungs. These results suggest that the excellent pulmonary virologic response to antiretroviral therapy previously reported [5] may, in part, be due to penetration of antiretroviral drugs into the alveolar compartment.
Since subjects had to be nil by mouth for at least 8 h prior to bronchoscopy, the ability to detect drug concentrations with the BAL sampling strategy was in part dependent on the plasma halflife. The half-life of the NRTIs and protease inhibitors range from 3 to 10 h. By contrast, EFV has the longest half-life of all the drugs studied (40-55 h). Thus, it is not surprising that EFV was the most readily detectable antiretroviral agent in BAL. Interestingly, 3TC and emtricitabine have longer half-lives compared with other NRTIs (5-7 h and 10 h, respectively), and these agents were the most readily detectable NRTIs in BAL. Likewise, the protease inhibitors nelfinavir (5 h) h) and amprenavir (7-11 h) were also more readily detected in BAL. Thus, the plasma half-life of antiretroviral drugs appears to affect the ability to detect them in the pulmonary compartment.
In the lungs, lipid solubility also plays an important role in drug pharmacology. It is well known that lipophilic drugs preferentially penetrate the lungs and, in fact, this forms the rationale for encapsulating certain hydrophilic drugs in liposomes (i.e., amphotericin) to promote delivery to the pulmonary compartment [11] . In this regard it is intriguing that the highly lipid soluble drug EFV appeared to enter BAL most efficiently and was associated with control of HIV in the alveolar compartment.
While HIV manifestations in many different organs have been altered by HAART [12] , not all compartments have a similar virologic response. The gastrointestinal tract in particular appears to respond less well to antiretroviral therapy, with evidence of ongoing viral replication even in patients with a good plasma virologic response [13] . Similarly, penetration into cerebral spinal fluid is variable, depending on the drug studied [14] . Interestingly, EFV is one of the more effective drugs in penetrating spinal fluid, a trait which has been attributed to its lipophilic property [14] . It will be important to determine whether failure of a particular compartment to respond appropriately to HAART reflects poor drug penetration of that tissue.
There are limitations to our findings in this exploratory study. Since subjects were studied at the end of the dosing interval, we probably underestimated the ability of antiretroviral drugs to enter BAL. Second, we cannot draw conclusions on how well antiretroviral drugs penetrate into the lung over the entire dosing interval. Third, we did not measure drug concentrations in cell pellets and, thus, cannot directly assess intracellular drug exposure. Finally, repeated measurements over time and with different drugs in the same individual were analyzed as independent observations. Thus, a mixed effects model would be more appropriate if the sample size was much larger. Nevertheless, these results demonstrate that antiretroviral drugs are measurable in BAL and justify future studies examining the pharmacokinetics of these drugs in the pulmonary compartment.
Conclusion & future perspective
Antiretroviral drugs are detectable in BAL fluid of HIV-infected subjects on HAART. Patients on EFV are more likely to have cleared HIV RNA from the lungs on follow-up testing. Further studies are needed to better define the pharmacokinetics of antiretroviral drugs in the lungs and to determine if the excellent pulmonary response to HAART can be directly attributed to drug penetration into the alveolar compartment.
Executive summary
• Pulmonary complications are a significant source of morbidity and mortality in subjects infected with HIV.
• HAART is associated with a significant decrease in HIV viral load in acellular bronchoalveolar lavage (BAL) fluid and cells.
• In those instances where simultaneous plasma and BAL concentrations could be measured, after correcting for BAL dilution, the concentration of antiretroviral agents in the epithelial lining fluid was similar to concentrations found in plasma.
• Subjects who received efavirenz had a significantly lower chance of lung failure than subjects who did not receive efavirenz (13 vs 63%; p = 0.02).
• These results suggest that the excellent pulmonary virologic response to antiretroviral therapy previously reported may, in part, be due to penetration of antiretroviral drugs into the alveolar compartment. The areas under the receiver operating characteristic curves were 0.87 and 0.94 for 3TC and EFV, respectively (p < 0.0001 for both). The optimal plasma cut-offs suggested by the data are 178 ng/ml or less for 3TC and 2234 ng/ml or less for EFV. EFV: Efavirenz; 3TC: Lamivudine. Table 1 Detectable antiretroviral drug concentrations in bronchoalveolar lavage and plasma by drug class. Table 2 Relationship between antiretroviral drugs and virologic failure in the lungs. 
Bibliography
